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Abstract: Due to increasing demand, many traditional, grazing-based Mediterranean sheep pro-
duction systems have introduced intensified feeding regimes, increased investments in infrastruc-
ture and drug use to increase milk yields. However, compared to bovine milk production systems, 
there is limited knowledge about the impact of these intensification practices on animal welfare and 
health and on the quality of dairy products. The aim of this study was therefore to quantify the 
effects of management practices and environmental conditions background on udder health, para-
sitism and milk quantity and quality in Cretan traditional production systems. Milk yields were 
higher in semi-intensive production systems while concentrations of several nutritionally desirable 
compounds such as omega-3 fatty acids were found to be higher in milk from extensive systems. 
Antibiotic and anthelmintic use was relatively low in both extensive and semi-intensive production 
systems. There was no substantial difference in parasitic burden, somatic cell counts, and microbi-
ological parameters assessed in milk. Recording of flock health parameters showed that animal 
health and welfare was high in both extensive and semi-intensively managed flocks, and that over-
all, the health status of extensively managed ewes was slightly better. In contrast, environmental 
conditions (temperature and rainfall) had a substantial effect on parasitism and milk quality. 
Keywords: sheep; milk; intensification; fatty acid; subclinical mastitis; gastrointestinal parasites 
 
1. Introduction 
Small ruminants are reared all over the world, but for Mediterranean countries, the 
sector is of special importance. More than 50% of the world’s sheep milk and almost 20% 
of goat milk is produced in the area, with Turkey, Greece and Italy being the leader pro-
ducers [1]. Traditionally, sheep milk produced in this region has mainly been used for the 
production of high “sensory quality” artisan and often “Protected Designations of Origin” 
(PDO) cheeses as for example, Pecorino Romano (Italy) and Feta (Greece) [2]. The distinct 
sensory and nutritional quality characteristics of these products are the main drivers for 
demand for these cheese products and are known to be closely linked to the traditional 
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breeds, grazing-based extensive management systems and local environmental condi-
tions, including the botanical composition of the semi-natural pasture and shrub vegeta-
tion used for grazing [3]. Demand for sheep milk and cheese products is expected to con-
tinue to increase, especially in Northern Europe and North America and due to increasing 
consumer awareness about their high nutritional value compared to bovine milk [4]. 
As a result, there has been a trend to intensify traditional sheep production systems 
in the region, where currently, the most common systems are (i) the traditional, extensive, 
all year-round grazing system and (ii) the so called semi-intensive system. The semi-in-
tensive system is known to have higher yields and is thought to be more economically 
viable. Semi-intensive systems are often characterized by (a) increased stocking densities, 
(b) strong within breed selection for milk yield, (c) use of more productive improved 
grassland and concentrate feeds, (d) machine rather than hand milking, (e) higher replace-
ment rates, (f) off-season mating, and (g) longer milking periods [5,6]. There is also evi-
dence that semi-intensive sheep production systems rely more on veterinary drug treat-
ments to maintain flock health [7,8], but this has not been confirmed in many Mediterra-
nean regions. 
It has been observed that the criteria based on which farmers select and implement 
management practices rarely include considerations such as economic or environmental 
sustainability [9].  
As an example, lambing and lactation periods in Mediterranean dairy production 
were traditionally determined by reproduction seasonality and pasture availability. 
Therefore, lambing mostly occurs in early winter (rainy season) to utilise fresh pasture. 
However, yearlings (primiparous ewes) are lambing later (in January and February) since 
they only reach sexual maturity after August. The latter extends the period of milk pro-
duction into June and July or August, and results in milk yield and quality being more 
uniform during the peak production period between January and May [10]. Moreover, in 
the Mediterranean, due to increased daylight duration, the anestrus period is shorter than 
in the north of Europe and especially in locations such as Crete, local breeds can mate all 
year around [11]. Currently, farmers tend to abandon traditional practices ignoring the 
above specificities without considering that by applying new practices they disturb local 
environment balance [12].  
At the same time, as lessons learned by bovine milk production systems [13–15] the 
introduction of semi-intensive production systems may have a negative effect on milk 
quality and animal health and welfare status. Specifically, there is concern that changes in 
production protocols may affect (a) sensory or processing quality (e.g., protein and fat 
content, and cheese yield) [16], (b) microbial safety (e.g., total microbial and enteric path-
ogen loads), and (c) nutritional quality parameters (e.g., concentrations of nutritionally 
desirable omega-3 fatty acids) of dairy production [16–18]. Furthermore, any change in 
milk processing or microbial quality will also affect the dairy industry, where the many 
small scale artisan cheese factories do not have the necessary knowledge or equipment to 
properly stabilize raw material composition and accordingly adjust their hygiene proto-
cols [19–21]. 
Although veterinary regimens should be based on a specific and regularly updated 
risk-based assessment [22], many farmers follow empirical protocols ignoring diseases 
epidemiology and dynamics. This becomes more dangerous when various management 
interventions, such as changes in stocking densities, housing conditions or milking sys-
tems are applied [15]. The above is mainly the case for the silent infections not threatening 
animals’ health, however, affecting their productivity (production-limiting diseases) such 
as the gastrointestinal nematodes (GIN) infections and subclinical mastitis [23]. For both 
of the above, not targeted treatments may lead to veterinary drug (anthelmintics, antibi-
otics) abuse, and development of drug resistance [7]. It is therefore important to determine 
to what extent intensification has resulted in an increased incidence of livestock diseases 
and use of veterinary medicines, information that is currently not available for most Med-
iterranean countries.  
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Therefore, management protocols have to consider a great amount of variables as 
well as their interactions to avoid resulting in low productivity, poor health status, envi-
ronmental deterioration and profit losses [24,25]. Thus, when drawing recommendations 
for management system planning, it is important to refer to areas with similar climatic 
conditions and related breeding practices, an example being the Mediterranean basin, 
while taking into consideration the within-farm variations due to individual variability 
and heritability.  
Considering these, the objectives of the study reported here were therefore to assess 
the combined impact of intensification practices (by comparing two different manage-
ment systems) and environmental background conditions (by comparing contrasting pro-
duction seasons) on (a) animal health and welfare, (b) veterinary medicine use, and (c) 
milk yield and quality parameters for ewes that lamb early and late in the year. 
2. Materials and Methods 
2.1. Study Area, Animals and Systems 
This study was conducted in Crete, which has a homogenous genetic population of 
approximately 1.74 million sheep (21.2% of the national flock) [26], 80% of which belong 
to the local Greek Sfakion breed [27] and milk production in Crete accounts for approxi-
mately 13.3% of total Greek sheep milk production [28]. In Crete, there are a large number 
of both extensive [29] and semi-intensive farms and flocks [24], with distinct lambing pe-
riods, which allows the effect of intensification to be studied with minimum confounding 
effects of breed and genetics and within seasonal climatic variation. Farms enrolled in the 
study were located in the provinces of Rethymno and Chania, where the highest sheep 
population density on the island is found (Figure 1). 
A total of 20 commercial sheep flocks were included in the study. All farms reared 
pure-bred sheep of the local Sfakion breed [30]. The farms included in the study lambed 
mature ewes in October or November (early lambing period) while the 20–25% ewes-
lambs were lambed later in January or February (late lambing period). Suckling lasted for 
30 to 60 days. After weaning, ewes were milked twice a day until early to mid-summer, 
either by hand (still widely practiced in extensively managed flocks) or by semi-automatic 
or automatic milking machines (typical for semi-intensive systems). 
Ten farms represented typical semi-intensive production systems (SI) and ten repre-
sented typical extensive production systems (EX) used in Crete. Systems were classified 
as extensive when flocks had low stocking densities (>0.5 ha/ewe), spent at least 300 days 
each year grazing marginal land with semi-natural vegetation, used less than 200 kg sup-
plementary concentrates per ewe per year and had limited investment facilities (<2 m2 per 
animal). In contrast, semi-intensive systems were characterised by higher stocking densi-
ties (0.25 ha/ewe), with more than 200 days grazing on improved grassland per year, feed-
ing more than 250 kg supplementary concentrate per ewe per year and had high invested 
capital in facilities (>2.5 m2 per animal) and earlier lambing periods than the extensive 
farms [24].  




Figure 1. Sheep distribution in Mediterranean countries and Crete in 2010 (1:75,000 resolution; data 
source: FAO GeoNetwork http://www.fao.org/geonetwork/srv/en/main.home accessed 28 June 
2021). Source: [21], yellow dots pinpoint the areas where the farms in this study were located. 
2.2. Experimental Design 
The experimental design is presented in Figure 2. The selected flocks were monitored 
for two consecutive lactation periods on monthly intervals. At each visit, information 
about (a) flock health status, (b) nutrition, (c) interventions made in the flock and (d) 
productivity was collected using a standard questionnaire (Figure S1). 
In addition, records of the environmental conditions (T and RH) were retrieved from 
recorders placed in outside housing facilities (T&D Recorder, RTR-53) on each farm. Rain-
fall data from the local National Observatory of Athens weather stations in the area were 
also collected. Detailed information characterizing each farm (flock characteristics, pedi-
gree information, agronomical characteristics of each farm, health issues and prevalence 
of diseases, health management, udder health management, flock management during 
mating, lambing and milking) was collected at the beginning of each lactation/production 
year with a more detailed farm questionnaire. The botanical composition of grazing areas 
was classified using an altitude-based estimate of sward composition, which allocated 
values of between 1 and 5 with plant communities at sites of higher elevation in the hills 
being allocated higher values [31]. 




Figure 2. Experimental design of the study. 
Considering the between-animal variations that may exist for milk production, milk 
quality and animal health, twenty lactating ewes were selected within each flock in order 
to further investigate, at an individual animal level, the effect of management systems on 
milk yield and quality as well as the incidence on important production reducing diseases 
such as mastitis and infection by GINs. Moreover, since there are two different lambing 
periods and two different, but overlapping milking periods, not including animals from 
both lambing/milking periods would result in not assessing an important, potentially con-
founding factor. Thus, ten of the ewes were from the late lambing period (LL) and were 
primiparous (ewe lambs) and ten of them were from the early lambing period (EL) and 
were multiparous (second or third lactation specifically). The animals selected during the 
2nd year of the study had to be different from the ones selected the 1st year, since replace-
ment ewes are the ones lambing late in winter and it was important to assess animals with 
a similar age in both years. 
On each sampling date we collected individual rectal faecal samples and assessed 
body condition using a standard protocol [32]. During the lactation, sampling occurred in 
the evening prior to milking, and for each ewe, milk yield was assessed with the use of a 
volumetric canister. From each animal, we aseptically collected three milk samples for 
further analysis. The 1st set was collected directly from the udder (2 half-udder samples) 
and used for assessment of mastitis related pathogens, and the 2nd and 3rd set from the 
canister for milk chemical composition (fat, protein, lactose, solids non-fat) and for so-
matic cell counts and total bacterial counts, respectively.  
In addition, we collected milk samples on two sampling dates in each lactation period 
for milk fatty acid (FA) profile analysis. The first sampling data for FA-profile analysis 
was conducted at the beginning of March when both lambing groups had a stable feeding 
regime, which included grazing and supplementary concentrate feed. The second was in 
the beginning of May before the mating season. 
The study was conducted in compliance with the national animal welfare regula-
tions. Diagnostic veterinary procedures are not within the context of relevant EU legisla-
tion for animal experimentations (Directive 86/609/EC) and may be performed in order to 
diagnose animal diseases and improve animal welfare. Samples were collected by regis-
tered veterinarians and caused no suffering. Samples were collected only after the farm-
Main Factors 




2 different systems 
November to October: monitoring, faecal samples, body condition 
score 
March to June: milk samples 
20 animals in each farm from the 2 
different lambing periods 
   
semi-intensive (10 farms)   
year 1   
Early lambing ewes (10) 
Late lambing ewes (10) 
Nov Dec Jan Feb Mar Apr Ma Jun Jul Aug Sept Oct  
    Mar Apr Ma Jun      
year 2  
Early lambing ewes (10)* 
Late lambing ewes (10)* 
 Nov Dec Jan Feb Mar Apr Ma Jun Jul Aug Sept Oct  
     Mar Apr Ma Jun      
extensive (10 farms) 
year 1  
Early lambing ewes (10) 
Late lambing ewes (10) 
Nov Dec Jan Feb Mar Apr Ma Jun Jul Aug Sept Oct  
    Mar Apr Ma Jun      
year 2  
Early lambing ewes (10)* 
Late lambing ewes (10)* 
 Nov Dec Jan Feb Mar Apr Ma Jun Jul Aug Sept Oct * different animals from year 1 
     Mar Apr Ma Jun      
1. Data for feeding regimes, veterinary protocols, incidence of diseases and other management practices was recorded and evaluated on 
farm level.  
2. Data originating from samples (milk yield, milk composition, faecal egg counts, somatic cell counts, microbial loads)  or on-site 
measurements (body condition score) was evaluated on animal level 
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ers’ consent had been obtained. The experimental protocol was approved by the respon-
sible institutional committee (VRI Committee for Approval of Experimental protocols as 
appointed at 26/5/2014, Decision nr 972). 
2.3. Climatic Conditions in the Two Production Season 
Climatic conditions differed considerably between the two production seasons (Ta-
ble S1).  
The first production season rainfall was mainly in December and February and there 
were relatively high temperatures in January (Table S1). In the second production season, 
the winter was generally cooler and there was more rainfall in January, similar rainfall in 
February and then again, more rainfall in March, April, and May, compared to the first 
production season. When the period in which the samplings for FA analyses occurred was 
compared, the average monthly temperature in the first production season was similar 
between March and April and only slightly higher in May and June, while in the second 
production season, temperatures gradually increased from March to June. (Table S1). 
Climatic conditions, especially temperature and rainfall, are known to affect the 
amount of forage available, forage quality, and animal performance and health [33,34] and 
we therefore either (i) included production season as a factor in factorial ANOVAs or (ii) 
analysed data from the two production seasons separately (see below).  
2.4. Feeding Regimes Used in Extensive and Semi-Intensive Flocks 
The feeding regimes recorded in semi-intensive and extensive flock/farms were sim-
ilar in both years and are summarised in Figure 3.  
The semi-intensive (SI) farms used more concentrate feed (270 ± 23 vs. 162 ± 18 kg 
ewe−1) and hay (82 ± 6 vs. 60 ± 10 kg ewe−1) compared to extensive (EX) farms, although 
the difference is only significant for concentrate feed.  
In both the EX and SI systems most hay was fed to ewes during the two lambing 
periods, which was in October and November and in January and February (Figure 3). 
During the lactation, the SI farms relied more on grazing on improved/cultivated pastures 
(grassland sown after cultivation) and on home-produced whole crop oat, supplemented 
with bought-in alfalfa hay. In contrast, the EX farms utilized natural pastures all year 
round, but were fed more hay (mainly bought-in alfalfa) than the SI-farms [16,24]. From 
late spring/early summer until lambing, both systems relied almost exclusively on grazing 
of natural pastures.  
A detailed comparison of differences in feeding regimes between management sys-
tems, production seasons, and lambing groups during the milking period (when both 
lambing groups were managed within the same flock) is shown in Table S2.  
  





Figure 3. Feeding/grazing regimes used by the two different management systems (means are from ten flocks per systems 
collected in two consecutive years). The semi-intensive management system is represented by black diamonds (■) and 
extensive management system by white diamonds (◊). J, January; F, February; Mr, March; Ap, April; Ma, May; Jn, June; Jl, 
July; Ag, August; S, September; O, October; N, November; D, December. Means for the same management system in 
different sampling months labelled with the same capital letters and means for the two management systems in the same 
sampling month labelled with the same lowercase letters are not significantly different according to Tukey’s contrast (p < 
0.05). 
2.5. Health Management Regimes Used in Semi-Intensive and Extensive Flocks 
All EX and SI farm removed manure from barns/corrals and disinfected their facili-
ties at least once per year as part of their animal health management plans. The veterinary 
regimes recorded in SI and EX flock/farms were also similar in both years. Comparisons 
of veterinary regimes are based on data from farm records collected via questionnaires 
with farmer. The level of antibiotic and antiparasitic veterinary intervention was overall 
slightly lower on EX than SI farms, but since assessments were made at flock level statis-
tical comparisons were not possible. Necessary proactive vaccinations against Enterotox-
aemia were applied in both systems, at least once a year, before lambing, with several 
farmers (5 SI farms and 2 EX farms) applying a booster before mating. Other vaccinations 
were used only when there were regional disease outbreaks or threats.  
Mastitis prevention treatments in both systems were specific to each farm’s back-
ground mastitis levels and only 3 farms (2 SI farms and 1 EX farms) used vaccines against 
clinical mastitis. Prophylactic intramammary antibiotic treatment during the dry period 
were not used on any of the farms. However, on most farms, intramuscular antibiotics 
were used to treat clinical mastitis, and on 4 farms, (3 SI farms and 1 EX farms) a combi-
nation of intramammary and intramuscular antibiotics was used to treat clinical mastitis. 
All farms applied anthelmintic treatments before lambing without prior testing and 
laboratory confirmation of parasites infection levels. The most common class of anthel-
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mintic used were benzimidazoles (i.e., albendazole and fenbendazole). All SI farms ro-
tated the class of anthelmintic drug of choice each year and six out of 10 SI farms used 
macrocyclic lactones (mainly ivermectin) at least once every two years. In contrast, this 
practice was only used by 1 out of 10 EX farms.  
All farmers vaccinated weaned lambs against enterotoxaemia and treated them pre-
ventively with anthelmintics (benzimidazoles p.o.) against cestodes (i.e., Moniezia spp) or 
used an anticoccidial drug (toltrazuril/diclazuril) if there were symptoms relevant to coc-
cidiosis. Additionally, more than half of the SI and EX farmers prophylactically treated 
the new born lambs with antibiotics to prevent either pneumonia or enteritis. 
2.6. Analytical Methods 
2.6.1. Milk Samples Analysis of Chemical Composition, Somatic Cell Count and Bacterial 
Load 
Analyses were conducted 12 h after sampling at the State Milk Quality Laboratory 
(ELOGAK) in Rethymno, Crete. The samples where heated to 25 °C and pH measurement 
was taken. For samples with pH above 6.00, chemical composition (fat, protein, lactose 
and non-fat solid content) was assessed by infrared methods (MilkoscanTM FT, FOSS® , Hil-
leroed, Denmark) and by flow cell cytometry the Somatic Cell Count (SCC/FossomaticTM 
FC, FOSS® , Hilleroed Denmark) and the Colony Forming Units (CFU/ BactoScanTM FC, 
FOSS® , Hilleroed Denmark). Samples with pH < 6.00 (=38 samples in total) were discarded 
since they were below instruments’ acceptable level for analysis. One vial was used for 
chemical composition and SCC assessment and a second vial for Colony Forming Units.  
2.6.2. Parasitological Examination 
For faecal samples, parasitic egg counts were conducted according to the modified 
McMaster technique [35], using a saturated sodium chloride solution as floatation means, 
with a sensitivity of 50 eggs per gram of faeces (FEC). Faecal cultures of samples with FEC 
≥ 200 were conducted for L3 stage larvae identification. Samples were incubated for 12 
days at 27 °C, and afterwards, larvae were collected according to Baermann technique 
[36]. 
2.6.3. Mastitis Related Pathogens Detection 
Evaluation of sub-clinical mastitis and microbiological examination of half udder 
milk samples was conducted when the SCC was higher than 500,000 cells per ml milk as 
described by Kiossis, et al. [37].  
2.6.4. Milk Fatty Acid Analysis 
The milk preparation, methylation, and gas chromatography analysis for FAs were 
as described by Butler, et al. [38] using a Shimadzu GC-2014 (Shimadzu, Kyoto, Japan). 
Identification of individual FA was performed from the retention time by using FA methyl 
ester standards mix and expressed as a proportion of total peak areas for all quantified FA 
(g/100g of total FA). The total area of unidentified peaks (which may or may not have been 
fatty acid methyl esters) was <6.5% of total peak area. In addition, we calculated the total 
concentrations of (a) saturated fatty acids (SFA), (b) monounsaturated fatty acids (MUFA), 
(c) polyunsaturated fatty acids (PUFA), (d) omega-3 PUFA (n-3) and (e) omega-6 PUFA 
(n-6). 
2.7. Statistical Analyses 
All statistical analyses were conducted in the R platform. The significance level for 
all the statistical tests was defined at 5%. All the analyses were conducted in the R statis-
tical language (R Development core team). The main statistical inference analysis was 
based on Linear mixed-effects models [39] and three different sets of analysis were con-
ducted: 
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1. Analysis of variance (ANOVA) using linear mixed-effects models, with “manage-
ment system”, “sampling month”, and “year” as fixed factor sand “flock” as a ran-
dom factor, for investigating differences on farm level; 
2. Analysis of variance (ANOVA) using linear mixed-effects models with “manage-
ment system”, “lambing period” and “production year” as fixed factors and “flock” 
as a random factor, for investigating differences on farm level for the prevalence of 
the recorded diseases (as indicated by the farmers and the veterinarian of the flock); 
3. Analysis of variance (ANOVA) using linear mixed-effects models with “manage-
ment system”, “lambing period” and “sampling month” as fixed factors and “ani-
mal” as a random factor, for investigating differences on animal level. The analysis 
was conducted separately for the two different sampling years. 
Variables calculated as proportions (prevalence of diseases, individual FAs, SFAs, 
MUFAs, and PUFAs) were arcsine-transformed, and SCC and CFU values were trans-
formed to lnSCC and lnCFU, respectively. Tukey’s honest significant difference test was 
used for pairwise comparisons of means where appropriate to account for the familywise 
error. Residual normality was assessed using the qqnorm plots [40], with none of the data 
reported here showing deviation. Furthermore, all the homoscedasticity of all the models 
was investigated, with no reported data showing heteroscedasticity.  
Multivariate redundancy analysis (RDA) was used to extract and summarise the var-
iation in a set of response variables that can be explained by a set of explanatory variables. 
RDA was performed with the CANOCO package [41] using automatic forward selection 
of variables with significance calculated using the Monte Carlo permutation test.  
3. Results and Discussion 
Traditionally, dairy sheep rearing has been an important economic activity in semi-
arid regions such as the Mediterranean, where the ability of small ruminants to utilise low 
quality forage on marginal land provided human populations with suitable economic ac-
tivity and a source of high-quality protein [6].  
Recently, increased demand for ovine dairy products has resulted in an intensifica-
tion of Mediterranean dairy sheep production to increase milk yield per ewe and unit land 
area [6]. This was achieved by increasing (a) the use of bought-in concentrate feed and 
improved pastures, (b) capital investment, (c) flock size and (d) breeding for high milk 
yield per ewe. However, while increasing milk yield per ewe and unit of grazing area, 
intensification was also reported to generate new challenges with respect to maintain an-
imal health and both meat and dairy product quality. However, there is limited sound 
scientific information on the effects of different intensification practices on animal health, 
veterinary input needs and nutritionally relevant milk quality parameters [24].  
In our study, two types of production systems (EX and SI) extensively applied in 
Crete, were selected to be used as representative for the two levels of intensification of 
grazing-based, out-door production systems found in many other semi-arid regions 
[6,24,25], in order to compare (i) animal health (see Sections 3.1 and 3.2 below) and (ii) 
milk yield and composition parameters (see Section 3.3). It therefore allowed trade-offs 
between milk yield gains from intensification and both animal health and welfare and 
milk quality to be quantified. 
3.1. Effect of Production System, Lambing Period and Season on Animal Health Parameters 
Animal health-related parameters were assessed during regular monthly visits to all 
farms and ANOVA results and main effect means ± SE are reported in Tables 1 and 2, 
while interaction means ± SE for significant two-way interactions are reported in the sup-
plementary material (Tables S4–S6 and S10–S12). Feeding and grazing regimes differed 
significantly between SI and EX farms/flocks (Figure 3), while health management prac-
tices were similar in both systems (Section 2.4).  
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Sections 3.1.1–3.1.5 report and discuss health relevant parameters that were assessed 
at the individual animal level [23]. Section 3.1.6 reports and discusses the incidence of 
other diseases and flock management data that were recorded at the farm/flock level. Sec-
tion 3.2 describes associations between environmental and agronomic factors and animal 
health parameters identified by redundancy analysis (RDA). 
3.1.1. Body Condition Score (BCS) 
As an index of nutritional and general health status, BSC was recorded monthly in 
individual animal level in each farm (Figure 4). In both systems, ewes’ BCS declined in 
August and after lambing, while afterwards, it steadily increased during milking, reach-
ing its highest values at the end of spring with SI farms having higher scores at the end of 
lactation and during summer. Both systems had adequate average BCS without inci-
dences of malnutrition or overweight animals [22].  
 
Figure 4. Interaction means for Body Condition Score (BCS) for different management systems and sampling season. Semi-
intensive management system is represented by (♦) and extensive management system by (■). J, January; F, February; 
Mr, March; Ap, April; Ma, May; Jn, June; Jl, July; Ag, August; S, September; O, October; N, November; D, December. 
Values with different capitalized letters represent statistically significant differences between the two management sys-
tems (p value < 0.05). Values with different lowercase letters represent statistically significant differences between months 
within the same system (p value < 0.05). 
3.1.2. Faecal Egg Counts (FEC) 
In both years, GIN were present in over 50% of the animals, and the EX flocks tended 
to show higher burdens in comparison to the SI flocks, although this difference was not 
significant (61 ± 4% vs 51 ± 4%, p value 0.62). Moreover, the yearlings had higher burden 
compared with the older ewes (61 ± 3% vs 49 ± 3%, p value 0.02). Mean FEC/farm was 
generally low (<150 eggs per gram of faeces) indicating an overall mild GIN infection. 
High FEC (>500), suggesting severe infections, were only recorded around lambing, char-
acteristic of the periparturient rise. FEC values were higher in the second year/production 
seasons when higher rainfall was recorded. In both years, the most common GIN species 
identified were Trichostrongylus spp. (65%), Teladorsagia circumcincta (23%) and Haemon-
chus contortus (12%). 
3.1.3. Somatic Cell Count (SCC) in Milk 
For SCC in milk, significant main effects of production system, lambing period and 
sampling months were detected in both years (Table 1). Specifically, SI-managed ewes 
had higher SCC year 1, but lower SCC in year 2, when compared to EX managed ewes 
(Table 1). Early lambed older ewes had higher SCC compared to late lambed yearling 
ewes (Table 1) and SCC were found to be significantly lower between March and April 
than in June in both years (Table 1). 
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Significant two-way interactions between management systems and sampling 
months were detected for SCC in both years (Table 1); differences between management 
systems were significant in several, but not all sampling months (Table S4).  
Significant two-way interaction between lambing period and sampling month were 
detected in year 2 only (Table 1); in year 2, differences between lambing periods were 
found to be significant in several but not all sampling months (Table S5). 
Table 1. Effect of management systems (production intensity), sampling season and lambing period on somatic cell counts 
(SCC) and colony forming units (CFU) in milk. Means ± standard error. 
 
Somatic Cell Counts (SCC) 
(×103/100 mL−1 Milk) 
Colony Forming Units (CFU) 
(×103/100 mL−1 Milk) 
Factor 
Year 1 
(n = 400) 
Year 2 
(n = 400) 
Year 1 
(n = 400) 
Year 2 
(n = 400) 
management system     
semi-intensive  182 ± 5 162 ± 6 15.5 ± 1.0 14.1 ± 1.1 
extensive  138 ± 4 191 ± 6 12.6 ± 1.0 15.8 ± 1.0 
lambing period      
early 209 ± 6 214 ± 6 15.1 ± 1.0 15.1 ± 1.0 
late 123 ± 4 145 ± 4 12.9 ± 1.0 14.5 ± 1.1 
sampling months      
March 135 ± 6 b 140 ± 5 b 13.8 ± 1.0 20.0 ± 1.3 a 
April 148 ± 4 b 145 ± 4 b 12.3 ± 1.0 15.8 ± 1.0 b 
May 151 ± 7 b 135 ± 2 b 13.8 ± 1.1 11.0 ± 1.0 c 
June 186 ± 4 a 309 ± 6 a 14.8 ± 1.1 13.8 ± 1.1 bc 
ANOVA (p values)     
Main effects     
management systems (MS) *** * *** NS 
lambing period (LP) *** *** *** NS 
sampling season (SS) ** *** T ** 
Interactions     
MS × SS  ***1 *1 T *1 
MS × LP NS NS NS NS 
LP × SS NS **2 NS ***2 
MS × LP × SS  NS NS NS NS 
Means differ significantly at ***, p < 0.001; **, p < 0.01; *, p < 0.05; T, trend (0.1> p> 0.05); NS, not significant. Means labelled 
with the same lower-case letters in the same column are not significantly different according to Tukey’s honest significant 
difference test (p < 0.05). 1, see Table S4 for interaction means ± SE; 2, see Table S5 for interaction means ± SE. 
3.1.4. Microbial Load (Colony Forming Units) in Milk 
For microbial loads (colony forming units, CFU), significant main effects of manage-
ment system and lambing period were only detected in year 1 and SI-managed and early 
lambed ewes were found to have higher CFU in milk (Table 1).  
In contrast, a significant main effect of sampling month was only detected in year 2, 
when CFU decreased between March and May and then slightly increased again in June, 
although the difference between May and June was not significant (Table 1). 
Significant two-way interactions between (i) management system and sampling 
months and (ii) lambing period and sampling month were detected in year 2 only (Table 
1); differences between management systems or lambing periods were significant in some 
but not all sampling months (Tables S4 and S5).  
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3.1.5. Estimated Incidence Subclinical Mastitis  
Somatic cell count and microbiological assessments of milk were made at the indi-
vidual animal level. A somatic cell count of more than 500,000 in milk from individual 
ewes was used as an indicator/marker for subclinical mastitis. In ewes with SCCs above 
this threshold, the bacteria found in milk were further characterised by standard microbi-
ological tests to separate them into Gram positive (Gram+) pathogens (indicative of infec-
tions transmitted between animals) and Gram negative (Gram−) pathogens (indicative of 
environmental sources of infection) (Table 2). 
Table 2. Effect of management systems (production intensity) and lambing period) and sampling years on the prevalence 
of subclinical mastitis (SCC > 500,000) and mastitis related pathogens. Means ± standard errors. 
 
% of Samples from Ewes with Subclinical Mastitis that Tested 
Positive for  
Factor 

















management system      
semi-intensive (n = 400) 30 ± 3 39 ± 5 13 ± 2 5 ± 1 42 ± 4 
extensive (n = 400) 31 ± 3 46 ± 5 11 ± 2 4 ± 1 38 ± 4 
lambing period      
early (n = 400) 39 ± 3 43 ± 4 13 ± 2 5 ± 1 39 ± 3 
late (n = 400) 22 ± 2 42 ± 5 12 ± 2 5 ± 1 41 ± 5 
      
production year      
year 1 (n = 400) 31 ± 3 61 ± 4 4 ± 1 1 ± 1 34 ± 4 
year 2 (n = 400) 30 ± 2 23 ± 3 22 ± 2 8 ± 1 46 ± 4 
ANOVA (p values)      
Main effects      
management systems (MS) NS NS NS NS NS 
lambing period (LP) *** *** *** NS *** 
production year (Y) NS *** *** *** T 
Interactions     NS 
MS × LP  NS NS NS NS NS 
MS × Y * T NS NS NS 
LP × Y NS T * NS NS 
MS × LP × Y NS NS NS * NS 
1, proportion of ewes with SCC > 500,000; 2, coagulase negative and positive Staphylococcus spp., Corynebacterium spp. and 
Streptococcus spp.; 3, Escherichia coli, Klebsiella spp., Serratia spp. and Pseudomonas spp. ***, p < 0.001; *, p < 0.05; T, trend (0.1> 
p > 0.05); NS, not significant. 
ANOVA detected no significant main effects of management system on the (i) pro-
portion of ewes with subclinical mastitis, and (ii) detection frequency of Gram+ and Gram-
pathogens in milk from ewes with subclinical mastitis (Table 2). However, highly signifi-
cant main effects (p < 0.001) of lambing seasons were detected. Specifically, the incidence 
of subclinical mastitis was significantly (⁓45%) lower in late-lambed, younger ewes. The 
% of milk samples with subclinical mastitis that tested positive for Gram+ and Gram- 
pathogens was significantly lower in late lambed yearling ewes compared to early-
lambed, older ewes.  
Although the proportion of ewes with subclinical mastitis was similar in the two pro-
duction seasons/years, highly significant (p < 0.001) differences in pathogen profiles were 
detected between the two years. In year 1 (with lower rainfall), 57% of milk samples tested 
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positive for Gram+, but only 4 % for Gram- pathogens, while in production season 2 (with 
higher rainfall), Gram- and Gram+ pathogens were detected in a similar proportion 
(⁓20%) of ewes with subclinical mastitis (Table 2). There were weak interactions (0.01 < p 
< 0.05) between years and the other two factors, but these were not further investigated.  
When the detection frequency of different bacterial pathogens known to cause mas-
titis was compared, coagulase-positive Staphylococcus spp. were most frequently found 
(52% of samples), followed by Corynebacterium spp. (10% of samples), coagulase positive 
Staphylococcus spp. (8% of samples), E. coli (4% of samples) and Streptococcus spp. (4% of 
samples). 
Subclinical mastitis and GIN infection are considered to be the most important vet-
erinary challenges in intensified dairy sheep production, resulting in both reductions in 
animal welfare and yield/economic performance [23]. Results suggest that the health man-
agement regimes implemented in both SI and EX systems provide satisfactory levels of 
udder health and control of GIN infections). In the extensive systems, GIN infection levels 
were expected to be low, due to the lower stocking densities used and the unfavourable 
environmental conditions for parasitic larvae in natural pastures in semi-arid regions [42]. 
However, findings of similar SCC, milk microbial contamination levels and relatively low 
FEC of GIN in both systems were unexpected, since previous studies reported substan-
tially higher levels of both mastitis and GIN infections in intensive production systems 
[8,10]. The reasons for this remain unclear, but for GIN infection levels, this could have 
been due to the specific climatic conditions in Crete (high temperatures and long dry pe-
riods), which do not favour larval survival in a pasture, coupled with the more extensive, 
prophylactic use of broad spectrum anthelmintics compensating for the higher GIN infec-
tion pressure in SI-flocks.  
The levels of subclinical mastitis (estimated from SCC and the proportion of milk 
samples tested positive for mastitis related pathogen) and GIN-infections (estimated from 
FEC) were similar to those reported in other Mediterranean regions [8,43,44]. The con-
trasting trends detected for GIN and mastitis markers between years (e.g., higher GRAM+ 
mastitis pathogen CFU in milk in the dryer year 1 and higher FEC and GRAM- mastitis 
pathogen CFU in the high rainfall year 2) are consistent with previous studies and suggest 
that background climatic conditions were a main driver for sub-clinical mastitis. [8,45]. 
However, given the increasing problem of anthelmintic resistance in GIN previously rec-
orded in Crete [46], the widespread prophylactic use of anthelmintics recorded in both 
systems in this study are of concern and the participating farmers have now been advised 
to adopt FEC assessment and environmental condition monitoring-based health manage-
ment regimes. Overall, results suggest that the relatively low levels of GIN disease pres-
sure should allow further reductions in anthelmintic use in Crete by adopting FEC moni-
toring-based health management regimes [47]. H. contortus, which is a significant problem 
for the flocks in arid regions and was described as an “arising crisis” in Europe [48,49], was 
only identified in a small proportion (⁓12%) of faecal samples. 
3.1.6. Incidence of Diseases and Health Related Management Parameters 
The incidence of diseases and health related management parameters was recorded 
at the flock/farm level. Highly significant main effects of production system and lambing 
period were detected for disease incidence/health-related management parameters, while 
production season/year had no significant or only small effects (Tables S10–S12). Results 
obtained are described in detail in the supplementary materials.  
3.2. Associations between Environmental/Agronomic Factors and Animal Health  
Redundancy analyses were conducted to estimate the relative strength of associa-
tions between different environmental, agronomic and management explanatory varia-
bles/drivers and animal health related parameters (response variables). RDA also allowed 
the importance of management factors (e.g., milking method) that could not be investi-
gated by ANOVA (Figure 5). 
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In the bi-plot resulting from RDA shown in Figure 5, axis 1 explains 28.4% of the 
variation with axis 2 explaining 0.03%.  
The strongest drivers identified by RDA were (i) supplementary concentrate intake 
(p = 0.004), (ii) milking method (automatic milking, p = 0.028; semi-automatic milking p = 
0.428; milking by hand: p = 0.428) and (ii) lambing period (late lambing, p = 0.012; early 
lambing group, p = 0.012). In contrast, the other feeding regime drivers and all environ-
mental drivers assessed explained only small amounts of the additional variation (Figure 
5). There were positive associations between concentrate intake, early lambing, and to a 
lesser extent, rainfall, and (i) clinical mastitis, (ii) CFU in milk, (ii) casualties, (iv) obliga-
tory replacements, and to a lesser extent, (v) lameness, (vi) ruminal acidosis, (vii) preg-
nancy toxaemia and (viii) SCC in milk along negative axis 1. In contrast, there were nega-
tive associations between the same group of response variables and hand milking, and to 
a lesser extent, hay intake, semi-automatic milking and grazing altitude along axis 1 (Fig-
ure 5). 
There were strong negative associations between hay intake, semi-automatic milk-
ing, hand milking and grazing altitude and a range of diseases including (i) coenurosis, 
(ii) diarrhoea, (iii) bloat, (iv) abortions after the 3rd month, and to a lesser extent, (v) con-
tagious ecthyma, (vi) deaths associated with Clostridium infections, (vii) ectoparasite in-
fections and (viii) FEC of GIN (Figure 5). In contrast, the same range of response variables 
was positively associated with late lambing and grazing of cultivated/improved pasture 
(Figure 5). Results from both ANOVA and RDA identified strong effects of management 
system and associations between management parameters and the overall health status 
of the flock.  
Overall, SI farms had higher percentages of causalities among the ewes in compari-
son to the EX farms, and this was likely due to the greater incidence of diseases that impair 
animal health and productivity, as previously reported [14]. The RDA also showed that 
incidence of diseases that were more prevalent in SI systems were linked to specific inten-
sification practices, and in particular, the use of concentrate feeds and use of cultivated 
pastures, which are grazed at higher stocking densities than natural pastures. Specifically, 
the higher incidence of the two main diet-related diseases (ruminal acidosis and diarrhoea 
of adult ewes) on SI farms was previously linked to an increased use of concentrate feeds 
in sheep diets [50,51]. Similarly, high rates of feed supplementation and other intensifica-
tion practices were previously linked to a higher risk of enterotoxaemia and other Clos-
tridium-infections of the gastrointestinal track in sheep [52].  
However, it is important to note that SI flocks also grazed more in cultivated fields 
(e.g., weeds and grown cover in olive and other perennial crops, and weeds/crop residues 
in fields used for cereal or vegetable production), which was recorded in this study as 
grazing on natural pastures. The botanical composition, growth stage of vegetation and 
the consumption of specific plants (e.g., sorrel) in these cultivated fields may also explain 
the higher diarrhoea and bloat incidence in SI-flocks [53]. Acute problems with ruminal 
acidosis, bloats or diarrhoea observed in both SI and EX flocks may also be caused by 
mistakes in feeding practices (e.g., periods when only cereals were fed to ewes) that dis-
rupted the balance between forage and concentrate intake.  
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Continuous explanatory variables/drivers are shown 
as arrows (→) and included (i) feeding regime parame-
ters: GC, grazing time on cultivated pastures (F = 2.8%; 
p = 0.126); CON, total supplementary concentrate in-
take (F = 12.7%; p = 0.004); HAY, preserved forage in-
take (F = 1.8; p = 0.16); and (ii) environmental parameters: 
AT, average daily temperature during the production 
season (F =< 0.1%; p = 0.808); AR, average rainfall dur-
ing lactation period (F = 0.1%; p = 0.734); ALT, average 
altitude of grazing pastures (F =< 0.1%; p = 0.89); graz-
ing time on natural pastures was also included as an 
explanatory variable, but did not explain any of the 
additional variation.  
Fixed explanatory variables/drivers are shown as 
black triangles (▲) and include (i) milking systems 
used: HM, milking by hand (F = 0.8%; p = 0.428); SAM, 
semi-automatic milking machine (F = 0.8%; p = 0.428); 
AM, automatic milking machine (F = 5.1%; p = 0.028); 
and (ii) lambing period: EL, early lambing (F = 5.8%; p 
= 0.012); LL, late lambing (F = 5.8%; p = 0.012).  
Response variables are shown a black circles (●) and 
include: CM, clinical mastitis; LS, lameness; AB, abor-
tions after the 3rd month; PT, pregnancy toxaemia; 
RA, ruminal acidosis; BL, bloat; DH, diarrhoea; SD, 
deaths associated with Clostridium infections of gas-
trointestinal track; CD, chronic diseases; CE, conta-
gious ecthyma; PR, piroplasmosis; CO, coenurosis; 
EX, ectoparasite infections; CA, casualties; OR, oblig-
atory replacement of ewes; CFU, average bacterial 
load of milk; SCC, average somatic cell counts in milk; 
GIN, average number of egg per grams of gastrointes-
tinal nematodes in faeces. 
 
Figure 5. Bi-plot derived from redundancy analyses showing the relationship between the prevalence of diseases the av-
erage bacterial load of milk (CFU), the average somatic cell counts in milk and the average number of faecal egg counts 
(FEC) of gastrointestinal nematodes. 
However, EX farms/flocks had a higher incidence of diseases and parasites that are 
known to be associated with natural grazing environments and less rigorous animal 
health monitoring. For example, higher incidences of animals with chronic diseases such 
as progressive pneumonia, chronic piroplasmosis, paratuberculosis and endoparasites, 
were linked to less efficient ewe inspection during milking and feeding [25]. There is a 
higher risk of exposure to ectoparasites in natural environments, and this, together with 
less rigorous animal inspection, may also have contributed to the higher ectoparasite in-
festation levels in EX flocks [54]. 
Results also confirmed findings of previous studies that reported that lambing period 
has a significant effect on the health status/prevalence of diseases [18,52,55], but this may 
have been due to differences in (i) the age of ewes and (ii) environmental conditions/feed-
ing regimes during the lactation and dry periods. The findings that (i) milk from early 
lambing (EL) older ewes had higher SCC and tested more frequently positive for mastitis 
pathogens and (ii) the incidence of both subclinical (SCC > 500,000) and clinical mastitis 
was higher in EL older ewes is consistent with results from previous studies that reported 
that the age of ewes was the most likely cause for the higher incidence of mastitis in EL 
ewes [18]. However, differences in disease pressure associated with contrasting environ-
mental conditions/feeding regimes during the lactation period may have also contributed 
[45]. Specifically, periods of high concentrate intakes were previously linked to higher 
incidences of mastitis [8]. This view is supported by the RDA results in this study that 
identified high levels of concentrate intake as a major positive driver for clinical mastitis 
incidences and total CFU in milk. 
Sustainability 2021, 13, 9706 16 of 29 
 
 
In contrast, the higher incidence of lameness in EL older ewes was more likely, due 
to (i) EL animals spending more time in barns and corrals, as reported previously [55], 
and (ii) multiple birth being more prevalent in older EL ewes, which was linked to a higher 
incidence of pregnancy toxaemia in addition to nutritional stress from the previous lacta-
tion [56]. In contrast, the lower incidence of ruminal acidosis, bloats and diarrhoea in late 
lambed (LL) yearling ewes (which are lambed in spring) was linked to the availability of 
high-quality fresh forage and feeding regimes with a more suitable forage to concentrate 
ratio during lambing (a period when ewes have particularly high nutrient intake require-
ment) [51,53]. We also observed that farmers tended to graze LL ewes on the high-quality 
pastures (plant density), although the grazing time on natural pastures did not differ be-
tween the two groups. This practice may also explain the slightly higher frequency of en-
terotoxaemia for the LL ewes, although incorrect vaccination practices (time of vaccina-
tion) were also observed on farms. Differences in feeding regimes and type of pastures 
used for EL and LL ewes were also reported to affect the incidence of intestinal tract in-
fections caused by Clostridium spp [52], and this is consistent with the RDA results in this 
study that identified positive associations between grazing time on cultivated pastures 
and higher incidence of deaths associated with Clostridium infections of the gastrointesti-
nal tract.  
Abortions were also more common in the LL yearling ewes, possibly due to a less 
developed immune system as reported previously [57]. The less developed immune sys-
tem in yearling ewes may also explain the higher ectoparasite and TBD infection levels 
recorded in LL-flocks, and the relatively high percentages (31%) of contagious ecthyma in 
LL ewes compared to the low incidence in older EL ewes (1.7%) [54,58].  
3.3. Effect of Production System and Season on Milk Yield and Quality 
Milk yield and quality parameters were assessed in samples taken from selected ewes 
on each farm throughout the lactation period (Tables 3–8 and S4–S9).  
In the results presented here, only milk yield and quality data obtained between 
March and June were included in the analyses, since this was the period when both early 
and late lambed ewes produced milk, and milk quality parameters could therefore be 
compared within the same environmental background conditions (Tables 3 and 4). When 
comparing differences in milk yield and quality between production systems and lambing 
periods, it is important to consider that during the observation period, the early lambed 
yearling ewes were at a later stage in the lactation than the late-lambed older ewes. The 
difference in the age of ewes and that of the stage of lactation may therefore have contrib-
uted to the differences in milk yield and quality observed between early and late lambed 
ewes [59]. 
3.3.1. Milk Yield and Basic Composition, Fat, Protein and Lactose Content 
Significant main effects of management systems were detected for milk yield, fat, 
lactose and non-fat solid content in both years and protein content in production sea-
son/year 2 (Tables 3 and 4). Milk yield and lactose content in both years, and non-fat solids 
in year one, were significantly higher in milk from SI systems, while fat content in both 
years, and protein and non-fat solid content in year 2 were significantly higher in milk 
from EX-systems (Tables 3 and 4).  
Significant main effects of lambing period were detected for milk yield and fat, pro-
tein and lactose content in both years and non-fat solids in year 2 (Tables 3 and 4). Milk 
yield and lactose content in both years and non-fat solids in year 2 were higher in milk 
from late lambed, older ewes, while fat and protein content were higher in milk from early 
lambed yearling ewes in both years (Tables 3 and 4).  
Significant main effects of sampling months were detected for milk yield, lactose and 
fat content both years, for protein content in year 1 and for non-fat solids in year 2. Milk 
yield, lactose content and non-fat solids decreased, while protein increased between 
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March and June (Tables 3 and 4). The fat content increased from March to April, decreased 
from April to May and then increased again from May to June in both years (Table 3). 
Highly significant two-way interactions between (i) management system and sam-
pling months and (ii) lambing season and sampling months were detected for milk yield 
and all basic milk composition parameters, except for non-fat solids in year 1 (Tables 3 
and 4). When the interactions between (i) management system and sampling months and 
(ii) lambing season and sampling month were further investigated, differences between 
management systems were found to be significant in some but not all sampling months 
(Tables S4 and S5).  
Table 3. Effect of management systems (production intensity), sampling season and lambing period on milk yield and fat 
content in milk. Values shown are main effect means ± standard error. 
 
Milk Yield  
(l day−1 ewe−1) 
Fat Content  
(g 100 mL−1 Milk) 
Factor 
Year 1 
(n = 400) 
Year 2 
(n = 400) 
Year 1 
(n = 400) 
Year 2 
(n = 400) 
management system     
semi-intensive  0.89 ± 0.01 0.67 ± 0.01 5.51 ± 0.04 5.22 ± 0.06 
extensive  0.58 ± 0.01 0.44 ± 0.01 5.97 ± 0.05 5.58 ± 0.06 
lambing period      
Early 0.65 ± 0.01 0.50 ± 0.01 6.03 ± 0.04 6.57 ± 0.06 
Late 0.82 ± 0.02 0.62 ± 0.01 5.45 ± 0.05 5.20 ± 0.06 
sampling months      
March 0.87 ± 0.02 a 0.80 ± 0.02 a 5.58 ± 0.08 b 4.80 ± 0.08 b 
April 0.77 ± 0.02 b 0.66 ± 0.02 b 5.92 ± 0.07 a 4.85 ± 0.08 b 
May 0.72 ± 0.02 b 0.48 ± 0.01 c 5.47 ± 0.07 b 4.80 ± 0.09 b 
June 0.66 ± 0.03 c 0.41 ± 0.01 d 5.85 ± 0.08 a 6.12 ± 0.08 a 
ANOVA (p values)     
Main effects     
management systems (MS) *** *** *** *** 
lambing period (LP) *** *** *** *** 
sampling season (SS) *** *** *** *** 
Interactions     
MS x SS  ***1 *1 ***1 ***1 
MS x LP NS T *** T 
LP x SS ***2 ***2 ***2 ***2 
MS x LP x SS T NS ** NS 
Means differ significantly at ***, p < 0.001; **, p < 0.01; *, p < 0.05; T, trend (0.1> p > 0.05); NS, not significant. Means labelled 
with the same lower-case letters in the same column are not significantly different according to Tukey’s honest significant 
difference test (p < 0.05). 1 see Table S4 for interaction means ± SE; 2 see Table S5 for interaction means ± SE. 
A significant interaction between management system and lambing season were only 
detected for fat content in year 1 and non-fat solids in year 2 (Tables 3 and 4). When these 
interactions were investigated further, milk fat content in year 1 was higher in milk from 
early lambed ewes from both SI and EX systems, but the relative difference between lamb-
ing groups was greater in SI systems (Table S6). In year 2, a significant difference in non-
fat solid content between lambing groups was detected in the SI-system, but not the EX-
system (Table S6). 
The finding of 30% to 50% higher milk yield, but lower milk fat, lactose and non-fat 
solid concentrations in SI compared to EX-managed ewes in this study is consistent with 
the results of previous studies that compared milk yield/ewe and protein, fat and lactose 
content in bulk milk samples in the same region of Crete [16] and other regions [3,60]. This 
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was reported to be mainly due to the higher concentrate and lower grazing time on natu-
ral pastures [16], and this view is supported by the results of the redundancy analysis of 
data from this study (see Section 3.3.3 below). 
The finding of significant effects on lambing period on milk yield and milk fat, lactose 
and non-fat solid concentrations was consistent with the results of previous studies. For 
example, the finding that milk from older EL ewes (which were in the second or third 
lactation) had a higher milk protein and fat concentrations is consistent with the results 
reported by Sevi, et al. [59], who found an increase in milk protein and casein content as 
lactation number advances. They also suggested that the increased body weight in older 
ewes leads to higher (i) feed intakes, (ii) availability of “body reserves” for the synthesis 
of milk components and that the activity/capacity of udder tissue increases with age [59]. 
Table 4. Effect of management systems (production intensity), sampling season and lambing period on milk protein, lac-
tose and non-fat solids in milk. Values shown are main effect means ± standard error. 
 
Protein Content 
(g 100 mL−1 milk) 
Lactose Content 
(g 100 mL−1 milk) 
Non-Fat Solids Content 
(g 100 mL−1 milk) 
Factor 
Year 1 
(n = 400) 
Year 2 
(n = 400) 
Year 1 
(n = 400) 
Year 2 
(n = 400) 
Year 1 
(n = 400) 
Year 2 
(n = 400) 
management system        
semi-intensive  5.14 ± 0.02 5.25 ± 0.02 4.70 ± 0.02 4.53 ± 0.03 10.60 ± 0.03 10.62 ± 0.03 
extensive  5.18 ± 0.03 5.49 ± 0.03 4.52 ± 0.03 4.44 ± 0.03 10.43 ± 0.03 10.76 ± 0.04 
lambing period        
Early  5.36 ± 0.02 5.49 ± 0.03 4.40 ± 0.03 4.25 ± 0.03 10.49 ± 0.03 10.61 ± 0.05 
Late  4.97 ± 0.02 5.23 ± 0.03 4.81 ± 0.02 4.71 ± 0.03 10.54 ± 0.02 10.76 ± 0.03 
sampling months        
March  5.02 ± 0.03 c 5.38 ± 0.04 4.93 ± 0.03 a 4.90 ± 0.03 10.67 ± 0.03 11.04 ± 0.04 a 
April  5.16 ± 0.03 b 5.40 ± 0.03 4.80 ± 0.03 b 4.70 ± 0.03 10.66 ± 0.04 10.95 ± 0.04 a 
May  5.23 ± 0.04 a 5.29 ± 0.03 4.67 ± 0.04 c 4.55 ± 0.04 10.62 ± 0.05 10.72 ± 0.05 b 
June  5.20 ± 0.04 a 5.17 ± 0.04 4.31 ± 0.05 d 4.32 ± 0.05 10.29 ± 0.06 10.34 ± 0.06 c 
ANOVA (p values)       
Main effects       
management systems (MS) NS ** *** * *** *** 
lambing period (LP) *** *** *** *** T *** 
sampling season (SS) *** T *** *** NS *** 
Interactions       
MS x SS  ***1 ***1 ***1 ***1 NS ***1 
MS x LP NS NS NS ***2 NS ***2 
LP x SS ***3 ***3 NS NS ***3 ***3 
MS x LP x SS Ns NS * NS NS NS 
Means differ significantly at ***, p < 0.001; **, p < 0.01; *, p < 0.05; T, trend (0.1 > p > 0.05); NS, not significant. Means labelled 
with the same lower-case letters in the same column are not significantly different according to Tukey’s honest significant 
difference test (p< 0.05). 1 see Table S4 for interaction means ± SE; 2 see Table S6 for interaction means ± SE; 3 see Table S5. 
for interaction means ± SE. 
3.3.2. Milk Fatty Acid Profile 
When comparing the concentrations of different fatty acids between management 
systems, lambing groups and sampling dates it is important to consider that the fatty acid 
concentrations are reported to g per 100g or kg of total fatty acids (Tables 5 to 8) and that 
the total fat content in milk was significantly higher in milk from (i) EX system and (ii) 
ewes in the early lambing group (Table 3). In contrast, the fat content in milk was similar 
on the two sampling dates in March and May (Table 3).  
Management systems had highly significant main effects on total SFA, lauric acid 
and myristic acid concentrations in both years, with SI-management resulting in higher 
concentrations in milk fat (Tables 5 and 6). In contrast, production system had no signifi-
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cant effect on palmitic acid concentrations in both years and stearic acid (C18:0) concen-
trations in year 2, and stearic acid concentrations in year 1 were significantly higher in 
milk from EX systems (Table 6). The largest effect of production systems was detected for 
myristic acid, with concentrations found to be ⁓15% lower in the milk fat from EX when 
compared to SI farms (Table 6). 
Table 5. Effect of management systems (production intensity) and lambing period and sampling years on concentrations 
of selected individual, saturated fatty acids (SFA). Fatty acid concentrations are expressed in g 100 g−1 of total fatty acids; 




Fatty Acids (SFA) 
Oleic Acid 
(C18:1 cis9) 
Total Monounsaturated  
Fatty Acids (MUFA) 
Total  
Polyunsaturated 
Fatty Acids (PUFA) 
Factor Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 
management 
system (MS) 
        
SI (n = 200) 69.0 ± 0.3 66.1 ± 0.2 16.4 ± 0.2 18.8 ± 0.2 24.3 ± 0.2 27.2 ± 0.2 6.8 ± 0.1 6.8 ± 0.1 
EX (n = 200) 66.0 ± 0.3 63.6 ± 0.3 19.1 ± 0.2 19.7 ± 0.2 27.0 ± 0.2 28.6 ± 0.2 7.0 ± 0.1 7.9 ± 0.1 
lambing period 
(LP) 
        
early (n = 200) 68.5 ± 0.3 65.0 ± 0.3 17.4 ± 0.2 19.6 ± 0.2 24.9 ± 0.2 27.9 ± 0.2 6.6 ± 0.1 7.1 ± 0.1 
late (n = 200) 66.6 ± 0.3 64.6 ± 0.2 18.1 ± 0.2 18.9 ± 0.2 26.3 ± 0.2 27.9 ± 0.2 7.2 ± 0.1 7.5 ± 0.1 
Sampling 
month (M) 
        
March (n = 200) 69.2 ± 0.3 66.4 ± 0.2 16.9 ± 0.2 17.7 ± 0.2 24.3 ± 0.2 26.5 ± 0.2 6.5 ± 0.1 7.1 ± 0.1 
May (n = 200)  65.8 ± 0.3 63.2 ± 0.2 18.6 ± 0.2 20.9 ± 0.2 26.9 ± 0.2 29.3 ± 0.2 7.3 ± 0.1 7.5 ± 0.1 
ANOVA  
(p values) 
        
Main effects         
MS *** *** *** *** *** *** * *** 
LP *** NS * *** *** NS *** *** 
M *** *** *** *** *** *** *** ** 
Interactions         
MS × LP  NS NS NS NS NS NS NS NS 
MS × M NS NS **2 *2 NS *2 NS ***2 
LP × M **3 ***3 **3 NS ***3 T ***3 ***3 
MS × LP × M NS NS NS T NS NS NS NS 
Means differ significantly at ***, p < 0.001; **, p < 0.01; *, p < 0.05; SI, semi-intensive; EX, extensive. 1 see Table S4 for inter-
action means ± SE; 2, 3 see Table S5 for interaction means ± SE. 
Lambing period had highly significant main effects on total SFA, lauric acid and stea-
ric acid concentrations in year 1 only, with early lambing resulting in higher total SFA and 
lauric acid, but lower stearic acid concentrations in milk fat (Tables 5 and 6). In contrast, 
lambing period had a significant main effect on myristic acid and palmitic acid concentra-
tions in both years, with early lambing resulting in higher concentrations in milk fat (Table 
7). There were highly significant main effects of sampling month production for total SFA 
and all four individual SFA assessed in both years (Tables 5 and 6). Specifically, concen-
trations of total SFA and lauric acid were higher in March, while concentrations of pal-
mitic acid and stearic acid were higher in May in both years (Tables 5 and 8). In contrast, 
concentrations of myristic acid were higher in May in year 1 and March in year 2 (Table 
6). 
No significant interactions between management system and lambing period were 
detected for total and all four individual SFA (Tables 5 and 6).  
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Significant interactions between management system and sampling month were de-
tected for myristic acid in year 1 and palmitic acid and stearic acid in year 2 only (Table 
6). In year 1, milk fat from semi-intensive systems had higher myristic acid concentrations 
in both sampling months, but the difference between systems was greater in May than in 
March (Table S8). In year 2, the concentration of palmitic acid was significantly higher in 
March than May in milk fat from SI, but not EX-managed ewes, although there were no 
significant differences in palmitic acid concentration in milk fat from SI and EX-managed 
ewes in both sampling months (Table S8). In year 2, stearic acid concentrations were 
higher in milk fat from EX-managed ewes in March, while there was no significant effect 
of production systems in May (Table S8). 
Table 6. Effect of management systems (production intensity) and lambing period and sampling years on concentrations 
of selected individual saturated fatty acids (SFA). Fatty acid concentrations are expressed in g 100 g−1 of total fatty acids; 
values shown are main effect means ± standard errors. 
 Lauric Acid (C12:0) Myristic Acid (C14:0) Palmitic Acid (C16:0) Stearic Acid (C18:0) 
Factor Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 
management 
system (MS) 
        
SI (n = 200)  5.8 ± 0.1 4.4 ± 0.1 13.0 ± 0.1 11.9 ± 0.1 26.2 ± 0.2 26.0 ± 0.1 6.7 ± 0.1  9.0 ± 0.1 
EX (n = 200) 4.3 ± 0.1 3.7 ± 0.1 11.3 ± 0.1 10.7 ± 0.1 26.0 ± 0.2 26.0 ± 0.1 8.7 ± 0.2  9.2 ± 0.1 
lambing period 
(LP) 
        
early (n = 200) 5.2 ± 0.1 4.1 ± 0.1 12.8 ± 0.1 11.7 ± 0.1 26.7 ± 0.2 26.2 ± 0.1 7.4 ± 0.1  9.2 ± 0.1 
late (n = 200) 4.9 ± 0.1 4.0 ± 0.1 11.5 ± 0.1 11.0 ± 0.1 25.5 ± 0.2 25.8 ± 0.1 8.0 ± 0.2  8.0 ± 0.1 
Sampling 
month (M) 
        
March (n = 200) 5.5 ± 0.1 4.8 ± 0.1 12.0 ± 0.1 11.7± 0.1 25.7 ± 0.2 25.7 ± 0.1 7.1 ± 0.2  8.0 ± 0.1 
May (n = 200)  4.6 ± 0.1 3.3 ± 0.1 12.3 ± 0.1 11.0 ± 0.1 26.5 ± 0.2 26.3 ± 0.1 8.3 ± 0.1 10.2 ± 0.1 
ANOVA  
(p values) 
        
Main effects         
MS *** *** *** *** NS NS *** NS 
LP ** NS *** *** *** ** ** NS 
M *** *** ** *** ** ** *** *** 
Interactions         
MS x LP  NS T NS NS NS NS NS NS 
MS x M NS NS *2 T NS *2 NS **2 
LP x M *3 NS ***3 ***3 *3 T NS NS 
MS x LP x M NS NS NS NS NS NS NS NS 
Means differ significantly at ***, p < 0.001; **, p < 0.01; *, p < 0.05; SI, semi-intensive; EX, extensive. 1 see Table S7 for inter-
action means ± SE; 2 see Table S8 for interaction means ± SE 3 see Table S9 for interaction means ± SE. 
Highly significant (p < 0.001) interactions between lambing period and sampling 
months were detected for total SFA and myristic acid in both years, although weak inter-
actions (0.01 < p < 0.05) were also detected for lauric acid and palmitic acid in year 1 (Tables 
5 and 6). Milk fat from early lambed ewes had significantly higher concentrations of total 
SFA, lauric acid, myristic acid, C16 and total SFA in March. In contrast, in May of year 1, 
no significant effect of lambing period was detected for SFA and lauric acid, and the dif-
ference in myristic acid and palmitic acid concentrations between lambing periods was 
significantly smaller than in March (Table S9). Similar trends were detected for total SFA 
and myristic acid in year 2 (Table S9).  
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Mono-unsaturated fatty acids. Consumption of oleic acid (C18:1 cis9), the main mon-
ounsaturated fatty acid (MUFA) found in sheep milk, is widely considered to me nutri-
tionally desirable [61]. For example, oleic acid is the main fatty acid found in olive oil and 
thought to contribute to the health benefits associated with traditional Mediterranean di-
ets [62].  
ANOVA detected significant (p < 0.05) main effects of management system and sam-
pling month on total MUFA and oleic acid in both years and of lambing period in year 2 
(Table 5). Specifically, both total MUFA and oleic acid were higher (⁓10–15%) in milk fat 
from (i) EX flocks and (ii) in samples collected in May in both years, and in early lambed 
older ewes in year 1 (Table 5).  
No significant interactions between management system and lambing period were 
detected for total MUFA and oleic acid (Table 5).  
Significant interactions between management system and sampling month were de-
tected for oleic acid in both years and total MUFA in year 2 (Table 5). In year 1, total MUFA 
and oleic acid concentrations were higher in milk fat from EX-managed ewes in both sam-
pling months, but the difference between systems was greater in May (Table S8). In year 
2, oleic acid concentrations in milk fat from EX-managed ewes was only higher in March 
(Table S8).  
Significant two-way interactions between lambing period and sampling months 
were detected for total MUFA and oleic acid in year 1 only (Table 5). Higher MUFA and 
oleic acid concentration in milk fat from late-lambed ewes were detected in March only 
(Table S9).  
Polyunsaturated fatty acids. Overall, poly-unsaturated fatty acids (PUFA, many of 
which are essential fatty acids) are nutritionally desirable. However, many diets, espe-
cially in developed countries, are lacking in total daily intake or are imbalanced with re-
spect to the ratios of different essential PUFA consumed, most importantly the omega-
6/omega-3 PUFA [63]. Specifically, many diets are too low in omega-3 fatty acids and there 
are recommendations to increase the intake of omega-3 PUFA, and in particular, the long 
chain omega-3 PUFAs eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA) and 
docosahexaenoic acid (DHA) [64]. Increased consumption of these omega-3 fatty acids has 
been linked to a range of health benefits including healthy development of the brain and 
eyes during childhood, lower rates of childhood adiposity, improved neurological and 
immune function, protection against CVD, and improved insulin sensitivity [65]. In con-
trast, current intakes of omega-6 fatty acids are thought to be too high, mainly due to high 
levels of consumption of vegetable oils/fats high in omega-6 content (e.g., soya, sunflower 
and maize oil) [66]. High omega-6 intakes and/or diets with a high omega-6/omega-3 ratio 
have been linked to an increased risk of atherosclerosis, obesity and diabetes due to the 
highly prothrombotic and proinflammatory effects of the eicosanoid products derived 
from omega-6 PUFAs such as linoleic acid (LA; the main omega-6 fatty acid found in milk 
fat) [67]. 
Significant main effects of management system were detected for total PUFA, total 
omega-3 PUFA, ALA, EPA and DHA in both years, and DPA, total omega-6, LA in year 
2, with concentrations found to be higher in milk fat from EX-managed ewes (Tables 5, 7 
and 8). In contrast, the omega-6/omega-3 ratio was slightly lower in milk fat from EX-
managed ewes in year 1, there was no significant main effect of production system in year 
2 (Table 7).  
Significant main effects of lambing period were detected for (i) total PUFA, total 
omega-3 PUFA, DPA, total omega-6 PUFA and LA in both years, (ii) ALA and DHA in 
year 1 and (iii) EPA in year 2, with concentrations found to be higher in milk fat from late 
lambed ewes (Tables 5, 7 and 8). In contrast, the omega-6/omega-3 ratio was slightly lower 
in milk fat from late lambed ewes (Table 7). 
Significant main effects of sampling date were detected for total PUFA, total omega-
3 PUFA, ALA, EPA, DPA and DHA in both years and total omega-6 PUFA in year 1, with 
concentrations in milk fat found to be higher in May (Tables 5, 7 and 8). In contrast, the 
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omega-6/omega-3 ratio in milk fat was slightly lower in May, when compared with March 
(Table 7).  
Table 7. Effect of management systems (production intensity) and lambing period and sampling years on concentrations 
of selected individual omega-3 PUFA. Fatty acid concentrations are expressed in g kg−1 of total fatty acids; values shown 
are main effect means ± standard errors. 
 
Linoleic Acid  







Factor Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 
management 
system (MS) 
        
SI (n = 200)  29.5 ± 0.5 25.7 ± 0.3 38.5 ± 0.6 34.8 ± 0.4 12.0 ± 0.02 13.8 ± 0.3 3.6 ± 0.1 2.8 ± 0.1 
EX (n = 200) 29.5 ± 0.4 28.5 ± 0.1 38.2 ± 0.5 38.8 ± 0.4 14.2 ± 0.04 19.4 ± 0.5 3.4 ± 0.1 2.7 ± 0.1 
lambing period 
(LP) 
        
early (n = 200) 27.9 ± 0.5 26.5 ± 0.4 36.6 ± 0.5 36.2 ± 0.4 12.3 ± 0.03 16.1 ± 0.4 3.7 ± 0.1 2.8 ± 0.1 
late (n = 200) 31.1 ± 0.5 27.6 ± 0.3 40.1 ± 0.5 37.4 ± 0.4 13.9 ± 0.03 17.0 ± 0.4 3.4 ± 0.1 2.7 ± 0.1 
Sampling 
month (M) 
        
March (n = 200) 29.0 ± 0.5 27.4 ± 0.4 36.7 ± 0.5 36.9 ± 0.5 11.3 ± 0.02 14.5 ± 0.3 3.8 ± 0.1 3.1 ± 0.1 
May (n = 200)  30.0 ± 0.4 26.7 ± 0.3 40.0 ± 0.5 36.7 ± 0.3 15.0 ± 0.04 18.7 ± 0.4 3.2 ± 0.1 2.4 ± 0.1 
ANOVA  
(p values) 
        
Main effects         
MS NS *** NS *** *** *** * NS 
LP *** * *** * *** *** * NS 
M NS NS ** NS *** ** ** *** 
Interactions         
MS x LP  NS NS NS NS NS **1 ***1 NS 
MS x M NS ***2 NS NS ***2 ***2 ***2 ***2 
LP x M T ***3 *3 ***3 **3 ***3 *3 NS 
MS x LP x M NS T NS NS ** NS ** * 
Means differ significantly at ***, p < 0.001; **, p < 0.01; *, p < 0.05; SI, semi-intensive; EX, extensive. 1 see Table S4 for inter-
action means ± SE; 2, 3 see Table S5 for interaction means ± SE. 
Significant interactions between management system and lambing date were de-
tected for total omega-3 PUFA and ALA in year 2 and omega-6/omega-3 ratio in year 1 
(Tables 7 and 8). Late lambing resulted in higher concentrations of total omega-3 PUFA 
and ALA in milk fat from SI-managed flocks, while concentrations in milk fat from early 
and late lambed ewes were similar in EX-managed flocks (Table S7). In contrast, late lamb-
ing resulted in a lower omega-6/omega-3 ratio in milk fat from EX-managed flocks, while 
concentrations in milk fat from early and late lambed ewes were similar in SI-managed 
flocks (Table S7). 
Significant interactions between management system and sampling months were de-
tected for total omega-3 PUFA, ALA and EPA and the omega-3/omega-6 ratio in both 
years, and total PUFA, LA, DPA and DHA in year 2 only (Tables 5, 7 and 8). When results 
for total PUFA, and both total and individual omega-3 PUFAs recorded in March were 
compared, difference between systems were not significant, or significantly higher in milk 
from EX-managed ewes, while in May, concentrations were significantly higher in milk 
from EX-managed ewes and differences between systems were greater than those rec-
orded in March (Table S8). In contrast, milk from EX-managed ewes had significantly 
higher concentration of LA (an omega-6 fatty acid) in March, while LA-concentrations 
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were similar in milk fat from EX and SI-managed ewes in May (Table S8). The omega-
6/omega-3 ratio was significantly higher in milk fat from EX-managed ewes in March, but 
significantly lower in May (Table S8).  
Table 8. Effect of management systems (production intensity) and lambing period and sampling years on concentrations 
of selected individual omega-3 PUFA. Fatty acid concentrations are expressed in g kg−1 of total fatty acids; values shown 
are main effect means ± standard errors. 
 
α-Linolenic Acid (ALA; 
C18:3 cis 9.cis 12.cis 15) 
Eicosapentaenoic Acid 
(EPA; C20:5 n-3) 
Docosapentaenoic Acid 
(DPA; C22:5 n-3) 
Docosahexaenoic Acid 
(DHA; C22:6 n-3) 
Factor Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 
management 
system (MS) 
        
SI (n = 200) 5.7 ± 0.1 7.3 ± 0.1 0.54 ± 0.02 0.49 ± 0.01 1.26 ± 0.03 1.09 ± 0.02 0.44 ± 0.02 0.31 ± 0.01 
EX (n = 200) 8.0 ± 0.2 11.5 ± 0.3 0.69 ± 0.03 0.65 ± 0.01 1.29 ± 0.04 1.43 ± 0.03 0.49 ± 0.02 0.42 ± 0.01 
lambing pe-
riod (LP) 
        
early (n = 200) 6.5 ± 0.2 9.3 ± 0.3 0.59 ± 0.02 0.55 ± 0.01 1.20 ± 0.04 1.22 ± 0.03 0.43 ± 0.01 0.36 ± 0.01 
late (n = 200) 7.2 ± 0.2 9.5 ± 0.2 0.64 ± 0.02 0.59 ± 0.01 1.35 ± 0.04 1.29 ± 0.03 0.51 ± 0.02 0.37 ± 0.01 
Sampling 
month (M) 
        
March (n = 
200) 
5.8 ± 0.1 7.6 ± 0.2 0.48 ± 0.01 0.51 ± 0.01 0.90 ± 0.02 1.05 ± 0.02 0.38 ± 0.01 0.31 ± 0.01 
May (n = 200)  7.9 ± 0.2 11.3 ± 0.3 0.75 ± 0.03 0.63 ± 0.01 1.66 ± 0.04 1.47 ± 0.03 0.56 ± 0.02 0.43 ± 0.01 
ANOVA  
(p values) 
        
Main effects         
MS *** *** *** *** NS *** * *** 
LP ** NS NS ** ** * *** NS 
M *** *** *** *** *** *** *** *** 
Interactions         
MS x LP  NS ***1 NS NS NS NS NS NS 
MS x M ***2 ***2 **2 ***2 NS ***2 NS ***2 
LP x M ***3 ***3 NS NS *3 ***3 NS ***3 
MS x LP x M NS NS NS NS NS NS NS T 
Means differ significantly at ***, p < 0.001; **, p < 0.01; *, p < 0.05; SI, semi-intensive; EX, extensive. 1 see Table S4 for inter-
action means ± SE; 2, 3 see Table S5 for interaction means ± SE. 
Significant interactions between lambing period and sampling date were detected for 
total PUFA, total omega-3 PUFA, ALA, DPA and total omega-6 PUFA in both years and 
DHA and LA in year 2 only (Tables 5, 7 and 8). In March, concentrations of all parameters 
were found to be higher in milk fat from early lambed ewes, and in May, no significant 
effects of lambing period were detected except for α-linolenic acid, which was found in 
higher concentrations in milk fat from early lambed ewes (Table S9). 
3.3.3. Associations between Environmental/Agronomic Factors, and Milk Yield/Quality 
Redundancy analyses were conducted to estimate the relative strength of associa-
tions between different environmental, agronomic and management explanatory varia-
bles/drivers and milk yield and nutritionally relevant composition parameters (response 
variables). RDA also allowed the importance of management factors (e.g., milking 
method) that could not be investigated by ANOVA to be estimated (Figure 6).  
In the bi-plot resulting from RDA, shown in Figure 6, axis 1 explains 23.3% of the 
variation with axis 2 explaining 1.4% (Figure 6). Only the RDA bi-plots for a) milk yield 
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and d) content of major FA, and e) FA groups are presented since explained variation for 
milk composition, although examined, was minor. Moreover, markers for subclinical mas-
titis (somatic cell counts and microbial CFU in milk) and gastrointestinal nematode infec-
tions (Faecal egg counts) were found to explain none of the additional variation, and thus 
were excluded. 
Continuous explanatory variables/drivers are 
shown as arrows (→) and included (i) feeding regime 
parameters: GN, grazing time on natural pastures (F 
= 18.8%; p = 0.002); GC, grazing time on cultivated 
pastures (F = 0.6%; p = 0.002); CON, total supplemen-
tary concentrate intake (F = 4.0%; p = 0.002); HAY, 
preserved forage intake (F = 0.5%; p = 0. 0.002) and 
(ii) environmental parameters: AT, average tempera-
ture of the year (F = 0.2%; p = 0.03); AR, average rain-
fall during lactation period (F = 0.2%; p = 0.005); ALT, 
average altitude of grazing pastures (F = 0.4%; p = 
0.002). Markers for subclinical mastitis (somatic cell 
counts and microbial CFU in milk) and gastrointes-
tinal nematode infections (Faecal egg counts) were 
also included in the RDA as continuous drivers but 
were found to explain none of the additional varia-
tion.  
Fixed explanatory variables/drivers: Milking sys-
tem (by hand; semi-automatic milking machine; au-
tomatic milking machine) was included as an ex-
planatory variable but did not explain any of the ad-
ditional variation.  
Response variables of calculated groups are shown 
a black circles () and individual fatty acids are 
shown a white circles (o) and included: MY, milk 
yield; SFA, saturated fatty acids; MFA, monoun-
saturated fatty acids; PFA, polyunsaturated fatty ac-
ids; n-3, omega-3 fatty acids; n-6, omega-6 fatty ac-
ids; R6:3, the omega-6 to omega-3 ratio; LA, linoleic 
acid; ALA, a-linolenic acid; RA, rumenic acid; EPA, 
eicosapentaenoic acid; DPA, docosapentaenoic acid; 
DHA, docosahexaenoic acid. Lactose, fat, and pro-
tein concentrations in milk were also included in the 
RDA as response variables, but are not shown since 
they were located close to the centre of the graph 
(axis 1 and axis 2 intercept of the bi-plot)  
 
 
Figure 6. Bi-plot derived from redundancy analyses showing the relationship between milk yield, the content of fatty acid 
groups in milk fat, the omega-6 to omega-3 ratio, the content of major fatty acids in milk fat and agronomic and environ-
mental parameters. 
The strongest drivers identified by RDA were all animal diet-related parameters (i) 
grazing time on natural pastures (GN, p = 0.002), grazing time on cultivated pastures, p = 
0.002), average altitude of grazing pastures (p = 0.002), (ii) supplementary concentrate in-
take (p = 0.002), conserved forage intake (p = 0.002), average daily temperature, although 
average daily temperature (p = 0.03) and (f) the average rainfall (p = 0.05) were also iden-
tified as significant explanatory parameters (Figure 6). However, milking systems did not 
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The RDA bi-plot shows positive associations (along the positive axis 1) between graz-
ing time on natural pastures, altitude of grazing pastures, and to a lesser extent, air tem-
perature and concentrations of nutritionally desirable total MUFA, PUFA, total n-3 PUFA, 
ALA, DPA, and DHA (Figure 6). 
In contrast, there were positive associations (along negative axis 1) between concen-
trate intake, hay intake and time spend grazing cultivated pastures, and (i) milk yield, (ii) 
the omega6/omega-3 ratio, and (iii) concentration of nutritionally undesirable total SFA 
(Figure 6). There were also positive associations (along the positive axis 1) between con-
centrate intake, rainfall and altitude of grazing and concentrations of total omega-6 PUA 
and LA (Figure 6). 
Results demonstrate that overall milk from EX-systems has a more preferable nutri-
tional composition since it has (i) lower concentrations of nutritionally undesirable SFA 
and in particular myristic acid (C14:0,) which was linked to a 3–4 times larger negative 
effect on cardiovascular health than other SFA [68], but (ii) higher concentrations of nutri-
tionally desirable MUFA and omega-3 PUFA, including the long chain (VLC) omega-3 
PUFA EPA, DPA, DHA, which have been linked to a range of health benefits. In this con-
text, it is important to consider that European consumers are advised to increase the intake 
of VLC omega-3 PUFA [69].  
There is limited information on the effects of intensification practices on the nutri-
tional quality of milk from small ruminants [16] and the study reported here, for the first 
time comparing the relative effects of dietary, management and animal health parameters 
on sheep milk composition. However, the results obtained for omega-3 fatty acid in this 
study are broadly consistent with recent studies comparing different bovine dairy pro-
duction systems that showed that low-input/organic production methods result in higher 
ALA and VLC omega-3 concentrations in milk compared to conventional intensive pro-
duction systems [69]. In bovine milk production systems, livestock diets were also shown 
to be the main driver of milk composition, and in particular, fatty acid profiles [69]. Spe-
cifically, high grazing based fresh forage intake was shown to improve, while high con-
centrate, and to a lesser extent, conserved forage intake reduced the nutritional quality of 
bovine milk fat, which is similar to the trends reported here for dairy sheep production. 
However, grazing sward composition, the type of concentrate and conserved forage used, 
cattle breed/crossbreed choice and milking systems (robotic versus standard milking sys-
tem) were also shown to affect nutritionally relevant bovine milk and composition param-
eters in bovine milk [13,70–73]. It will therefore be important to study the effect of these 
parameters in small ruminant production in the future.  
In the study reported here, lambing period was also shown to affect milk composi-
tion, and this could have been due to (i) differences in the feeding regimes when samples 
were taken in March and May, or (ii) the difference in age/stage of lactation between EL 
and LL ewes when samples were taken. However, the feeding and grazing regimes for EL 
and LL ewes were similar on both sampling dates (Table S2), and these suggest that dif-
ferences in animal age and/or stage of lactation were the main reason for the difference in 
milk composition. This view is supported by the result of Soják, et al. [74], who reported 
that, in an experimental flock of 328 ewes of different breeds, concentrations of short- and 
medium-chain SFA and ALA increased from first to third parity and then decreased again 
in older animals. However, differences in feeding regimes may also have contributed 
since LL-ewes had a slightly higher concentrate intake in year 2 of the study and farmers 
tended to graze LL-ewes on higher quality pastures.  
Results from the RDA and the contrasting effects of lambing period detected in the 
two years suggest that the effects of lambing period on milk composition was due to com-
plex interactions of environmental, dietary and animal age and physiology related factors 
and this should be investigated further in future studies. However, the lower concentra-
tions of myristic and palmitic acid and higher concentrations of linoleic acid and PUFA 
detected in the milk of the LL yearling ewes suggest that dairy products produced with 
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milk from LL ewes in EX-managed flocks may be marketed as “nutritionally enhanced” 
or “omega-3 rich” products in the future.  
4. Conclusions 
The results reported here confirmed that the intensification of Mediterranean dairy 
sheep production systems has increased milk yield per ewe and provide a more uniform 
milk composition and that these benefits are linked to the use of (i) cultivated pastures for 
grazing, (ii) conserved forages and (iii) imported cereal based concentrate supplements 
into the feeding regimes used for ewes, and (iv) the use of semi-automatic and automatic 
milking machines. 
Our study provides evidence that many of these intensification measures have neg-
ative impacts on specific animal health parameters and important nutritional quality pa-
rameters of milk. The effects of intensification on the nutritional composition of sheep 
milk (in particular the lower concentrations of nutritionally desirable omega-3 fatty acids) 
were similar to those reported for bovine milk production systems  
Results therefore confirmed existing European consumer perceptions that milk and 
dairy products from extensive production deliver “high levels of animal health and wel-
fare” and have higher “nutritional and sensory quality”. Milk from EX-systems may there-
fore be marketed as being “nutritionally enhanced” or “omega-3 rich” and thereby 
achieve a price premium. However, this would require the introduction of clearly defined 
management and quality assurance protocol to guarantee that target nutritional quality 
levels can be reliably achieved.  
Our results also highlighted challenges and the need to use a relative risk-based, pro-
duction system specific veterinary protocols in Mediterranean sheep production.  
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tion of ewes with clinical mastitis, lameness, contagious ecthyma, piroplasmosis, coenurosis on the 
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